Abstract. Magnetorheological finishing (MRF) is a novel precision optical machining technology. Owing to its flexible finishing process, MRF can eliminate subsurface damage, smooth rms micro roughness and correct surface figure errors. The finishing process can be easily controlled by a computer. Material removal model in MRF is established. According to Preston equation in optical machining, mathematic model of material removal rate in MRF rotating at fixed rate is established through hydrodynamic analysis of the MR fluid flow in the polishing zone. The validity of the model is examined by the experimental results.
Introduction
Magnetorheological Finishing (MRF) is a newly developed optical machining method which can fine finish optical materials efficiently. Magnetorheological finishing is an advanced ultra-precision machining technology, which combines with the new researching results in the precision machining of optics. It was developed by W. I. Kordonski in 1990s. Owing to its controllable and flexible polishing process, subsurface damage couldn't be produced on the workpiece, and the polishing process can be easily controlled by a computer. The problem of poor efficiency of traditional aspheric optical polishing can be effectively solved. High quality surface of optical glass can be achieved by controlling the parameters in MRF [1, 2] . Combined with electromagnetics, hydrodynamics and chemistry, MRF has been applied in optical machining. Plane surface, sphere and asphere made of different optical materials can be machined. MRF can meet the manufacturing requirement of optics in aviation, space and defense area and has a broad prospect of application.
Mechanism of Magnetorheological Finishing
As a kind of smart material, the viscosity of magnetorheological fluid (MR fluid) can be continuously changed with the change of magnetic field intensity. The MR fluid in the magnetic field stiffens quickly, then returns to its original fluid state when left the field, accordingly the shear stress of it can change from hundreds to over one thousand times. So MR fluid is a kind of controllable medium and a large number of applications of this smart material have been widely used. According to the properties of the controllable character of MR fluid with the magnetic field intensity, the MR fluid dispersed with appropriate amount of fine abrasives is used as an actuating medium to polish hard and brittle materials such as optical glass. High precision and ultra smooth surface can be achieved with MRF [3] . The material removal rate in MRF can be controlled by altering the magnetic field intensity. In addition, the polishing properties and machining path can be controlled in process. This makes it possible to finish aspheric apparatus of optical glass with high efficiency and precision.
The material removal rate in MRF can be controlled easily by altering the magnetic field. In addition, the polishing properties and machining trace can be controlled in process, which makes it possible to finish optical glass with high efficiency and precision.
In the process of MRF, MR fluid dispersed with certain concentration of fine abrasive is injected to the region between the workpiece surface and the rotating wheel, at the same time a controllable high gradient magnetic field is imposed to this region. The viscosity of the injected MR fluid alters quickly and changes to a bulging ribbon with high shear stress. The fine abrasives of the magnetorheological fluid are uniformly dispersing on the surface of bulging ribbon, which form a continuous rotating polishing wheel which act as the polishing tool in free abrasive polishing. The bulging ribbon can achieve precision minor removal of the workpiece [4, 5] . The principle of MRF machining process is shown in Fig. 1 .
Fig. 1 Schematic of MRF
The workpiece is positioned above a moving surface that supports and carries a shaped ribbon of MR fluid into and through the polishing zone. The DC field from an electromagnet, which located just below the carrier surface and centered under the workpiece, stiffens the ribbon before it contacts the part. Two machine configurations can be set up: one is a rotating aluminum plate with a shallow trough along its rim. The other is vertical wheel configuration used in this experimental MRF machine. Fig. 2 is the schematic diagram of the model machine. MR fluid is pumped from the stirring device up to the nozzle, where it is emitted onto the polishing wheel. The rotation of the wheel takes the fluid to the workpiece, where it is acted upon by the magnetic field. The magnetic field stiffens the ribbon and removal is occurred in this region. Then MR fluid is collected back to the stirring device through the recovery device [6] .
Material Removal Model of MRF
MRF can achieve deterministic manufacturing of optical hard-brittle material. To get technique control of polishing process and remove material deterministically, material removal of magnetorheolgical finishing should be known.
The rheological property of magnetorheological fluid is Bingham viscoplasticity model of non-newtonian fluid on the effect of magnetic field. Its constitutive equations can be described as follow:
Where τ is the shear stress of MR fluid in the magnetic field; 
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In the process of MRF, the ferromagnetic particle, carrier fluid and abrasive all have important influence on the removal of the workpiece surface. Magnetorheological finishing and conventional polishing methods are intrinsically same on the aspect of material removal process. They all use the polishing zone as a grinding wheel to remove redundant material from workpiece surface. In traditional optical manufacturing, the commonly accepted removal model is Preston equation [7, 8] . For convex sphere, the removal rate of the workpiece material from Preston equation is as follows:
Where K is Preston coefficient, it relates to the polished material, polishing film, polishing abrasive, the density and pH value of polishing fluid, polishing temperature, etc; P is the pressure between work and the polishing medium in the polishing region; V is relative speed between polishing medium and the work's surface.
It can be seen from the equation than polishing efficiency is proportional to the polishing pressure and the relative speed. The pressure between workpiece and the polishing medium in the polishing zone should be firstly studied.
The pressure p is a complicated parameter. Pressure caused by magnetic field consists of magnetization pressure and magneto striction pressure. Because MR fluid is incompressible, magneto striction pressure could be neglected. The pressure of MR fluid could be analyzed as hydrodynamic pressure, magnetic field pressure and gravitation. Polishing wheel used in our experiment is part of cylinder, to simplify the solving process, two dimensional XOY is thought in this condition (shown in fig. 2 ). p d p m are calculated separately, p g has minor influence, so it has been neglected. The flowing state of MR fluid in the polishing zone is similar to lubrication flow of two dimensional rigid cylinder flowing. According to Reynolds model, the pressure expression with workpiece rotating could be solved as: The polished surface of optical glass is measured and analyzed using an AFM. In the experiment, the workpiece is K9 optical glass, the experiment is finished on the own developed MRF experimental machine. The material removal rate on certain condition could be calculated. In our experiment, the workpiece rotates at 800 rpm. Because the workpiece speed is higher than the polishing wheel speed, the workpiece line speed is approximately taken as relative speed. Taking the [6] . So the material removal rate at different displacement position could be calculated. Fig.4 is the material removal comparison of calculated results and actual measuring results of optical glass polished ten minutes.
It can be seen from the figures that the curves calculated from theory is identical to the results got from measuring. The material removal rate is basically the same from zero to about 14mm displacement place. With the displacement increasing, the line speed of polished workpiece in the polishing zone increased. While other machining condition keeps constant, the material removal rate increased with it. With the displacement further increasing (more than about 16mm), the actual material removal rate is apparently less than the theoretical material removal rate. The main reason of it comes from the higher line speed at the rim of workpiece with the increasing of displacement disturbs the flowing of MR fluid, the theoretical MR fluid polishing structure is broken, polishing abrasive could formally float on the surface of MR fluid, so the material removal rate decreases. On the condition of machining big size workpiece, the workpiece rotation speed couldn't be too high.
Conclusions
Material removal rate model in MRF is established. According to Preston equation in optical machining, mathematic model of material removal rate in MRF with workpiece rotating at fixed rate is established through hydrodynamic analysis of the magnetorheological fluid flow in the polishing zone. The validity of the models is examined by the experimental results.
